ABSTRACT-The spike after-hyperpolarization (AH), which is linked to the Ca-acti vated K conductance system, in the rat superior cervical ganglion was examined by means of intracellular recording. The AH was shortened during repetitive stimulation of the cell at 1 Hz and reached a steady state within 10 sec. These changes in the AH disappeared after a part of the AH was depressed by 5 ,u M ryanodine. The steady state of AHs was dependent on the frequency of stimulation ranging from 0.005 Hz and 2 Hz; half depression was observed at 0.53 Hz. Half recovery time from the de pression induced by conditioning stimuli at 2 Hz was approximately 14 sec. Caffeine (1 mM) or TEA (3 mM) enlarged the AH at low stimulation frequencies. Caffeine slight ly shifted the frequency depressing the AH toward high frequencies, and TEA did not cause significant changes. These results suggest that the repetitive firing of cells de creases the intracellular Ca release by contributing to the generation of the AH, rather than by accelerating the loading of Ca to its storage sites.
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The long-lasting after-hyperpolarization (AH) following an action potential is widely ob served in a variety of neurons, including autonomic ganglion cells. In sympathetic neurons, the AH regulates the excitability of neuronal membrane by altering the threshold for subsequent spikes and diminishes the re petitive firing of the spike (1, 2). The mecha nism underlying the AH is an increase in membrane potassium permeability caused by increased concentration of the intracellular free Ca (3, 4) . The origin of activator Ca (5, 6) has been suggested to be both an influx from the extracellular space to the cytoplasm through voltage-dependent Ca channels during action potentials and a subsequent intracellu lar release from store sites via a Ca-induced Ca release mechanism (7) . The latter is inhib ited by ryanodine and potentiated by caffeine. Ryanodine is said to lock Ca release channels in the open sub-state and consequently de pletes the Ca store sites (8) . The Ca store sites also have an important role in the intracellular Ca buffering by an uptake mechanism (9) , which leads to a refilling of their contents. Therefore, the contribution of the intracellular Ca release to the generation of the AH is ex pected to be modified during the burst of ac tion potentials. The present study examined the effects of repetitive stimulation on the AH in the rat superior cervical ganglion cells, and our results suggest that only a component of AH that is linked to intracellular Ca release is depressed during repetitive firing of the cell.
MATERIALS AND METHODS
Superior cervical ganglia were excised from male Wistar rats weighing 300-350 g. The iso lated ganglia were immersed in physiological saline and the connective tissue sheath was carefully removed under a binocular micro scope. Thereafter, the preparation was placed in an organ bath and superfused with saline having the following composition: 137.9 mM NaCl, 4.0 mM KCI, 2.0 mM CaC12, 0.5 mM MgC12, 12.0 mM NaHCO3, 1.0 mM KH2PO4, 11.1 mM glucose. The solution was gassed with 5% CO2 and 95%02. All experiments were carried out at pH 7.4 and at about 36°C.
Intracellular recordings were made with glass microelectrodes containing 3 M KCl and having a resistance between 40 and 80 Mohm. An action potential was evoked by a brief (4 msec) anodal current across the cell mem brane. The current was applied through the recording electrode by use of an active bridge circuit. In order to evoke action potentials trans-synaptically, the pre-ganglionic nerve was drawn into a suction electrode and stimu lated with a rectangular pulse of 0.1 0.5 msec in duration. Data were stored on a video tape recorder via a PCM converter modified from PCM-501ES (Sony). The stored data were re stored in a computer (IBM-AT) through an A-D converter (DT2801-A, Datatranslation) using data-acquisition software (AQ). The area of the after-hyperpolarization was calcu lated by using software, DAS; DAS and AQ were developed in Dr. Wayne Giles' labora tory (University of Calgary, Canada). Selected records were printed out with a laser printer (Laserjet series II, HP) or an X-Y ploter (DXY-1300, Roland). Some data were directly recorded on a pen-oscillograph (Recti-Horiz 8K, San-ei Sokki).
Data were collected from cells having rest ing membrane potentials more negative than -50 mV and action potentials greater than 65 mV in peak amplitude. Experiments were started 30 min after an impalement in order to ensure stable recording; recorded potentials did not deteriorate significantly over further periods. The results are presented as the mean ± S.E. The drugs used were: atropine sulph ate, caffeine anhydride, ryanodine, and tetra ethylammonium chloride (TEA) (from Wako Pure Chemicals) and apamin (from Sigma).
RESULTS
When an action potential was evoked by a brief depolarizing current across the cell mem brane at an interval of 30 sec or 60 sec, the after-hyperpolarization (AH) following the spike was long-lasting and biphasic; a fast negative peak was followed by a slowly de caying phase (see Fig. 2C ) but sometimes by a slowly occurring negative peak before de caying (see Fig. 5Aa ). The means (n = 64) of the amplitude of the first peak and 50% dura tion (measured at 50% of the peak amplitude) were 17.6 ± 0.4 mV and 189.6 ± 9.2 msec, re spectively. When the cell was stimulated at 1 Hz, the duration of the AH was progressively reduced and reached a steady level within 10 sec after the start of the stimulation (Fig.  lAa) . The slowly occurring negative peak that had been observed 50 msec after termination of the spike disappeared at the steady state. The changes in magnitude of the AH were evaluated in terms of its area because of its biphasic nature. The area of AH was ex ponentially reduced with a time constant of 1.36 sec during the stimulation at 1 Hz (Fig.  lAb) . The averaged time constant was 2.9 ± 0.5 sec (n = 8). When a constant hyperpolar izing current was applied repetitively at 1 Hz into the cell, the AH following an anodal break spike was significantly shortened with out any detectable changes of the preceding electrotonic potential (Fig. 1B) . Therefore this depression of AH does not simply result from changes in passive membrane properties in duced by repetitive firing of action potentials or by repeated hyperpolarizations of the mem brane through a voltage-dependent conduct ance system.
The magnitude of AH was dependent on the stimulation frequency. Figure 2A illus trates the changes of area of the AH during stimulation at various frequencies between 0.1 Hz and 2 Hz which was applied after a rest period of 3 min. The area of AH was gradual ly reduced and then reached different steady levels depending on the frequencies. An in crease in the number of the test pulse essen tially did not cause further changes (not shown). The superimposed traces of AH observed at steady states (Fig. 2C) show that the slow phase of AH was dominantly affected, and the duration was significantly shortened as the stimulation frequency was in creased. Apamin (0.1 ,aM) abolished a large part of the AH ( Fig. 2A and 2C) , suggesting that the long duration of AH is due to an activation of the Ca-activated K conductance. An increase of intracellular Ca concentration after a spike is due to both Ca influx from the extracellular space and intracellular Ca release from store sites (6) . Thus, effects of ryanodine were examined in order to determine which factors were affected by the repetitive stimula tion. Ryanodine at 5 ,uM dramatically short ened the AH (to 33.1 ± 3.3% in area of the control), and the changes in their shapes were quite similar to those of the AH depressed by the repetitive stimulation (Fig. 2D) . The re petitive stimulation did not cause any changes in area of AH in the presence of ryanodine ( Fig. 2A) . These observations indicate that only a ryanodine-sensitive component of the AH is affected by the repetitive stimulation. Figure 2B shows the area of AH at steady state during repetitive stimulation against the frequencies. A half depression of the ryanodine-sensitive component of the area of AH was observed at 0.67 Hz. The averaged value of 8 experiments was 0.53 ± 0.10 Hz. Effects of stimulation at higher than 2 Hz were not examined because the preceding AH prevented the spike generation. The linear ex trapolation of the area of AH shows that the changes in the AH occurred at between 0.07 Hz and 5.9 Hz (the averaged value of 8 ex periments, 0.045 ± 0.013 Hz and 5.6 ± 1.1 Hz) in frequency.
Effects of higher frequencies of stimulation on the AH were examined by using the supra maximal preganglionic nerve simulation in the presence of 1 uM atropine. Figure 3A shows typical records of synaptically evoked action potentials followed by the AH. Since the first peak of the AH was masked by the synaptic potential and only the slow phase was observed, 5 u M ryanodine reduced the peak amplitude of the AH as well as its duration. The stimulation at 1 Hz in the absence of ryanodine reduced the amplitude of AH (Fig.  3B ) in a similar manner as described above. The amplitude of AH was decreased by stimu lation at 5 Hz to the same magnitude in the presence of ryanodine, and it was not further reduced by that of 10 Hz. No depression of the AH was observed in the presence of ryanodine during stimulation at frequencies up to 10 Hz.
The recovery from the depression of AH was examined (Fig. 4) . A test pulse was ap plied at various times after the termination of conditioning stimuli of 15 pulses at 2 Hz, which caused a decrease of approximately 75% of the ryanodine-sensitive area of AH. Half recovery of the AH from the depression required 13.7 ± 7.1 sec, ranging from 3.3 and 40 sec (n = 5). In these cells, when the area depressed by conditioning stimuli was taken as 100%, the 50% depression of AH was caused by the stimulation at intervals of 4.3 ± 0.8 sec (0.23 ± 0.03 Hz).
Caffeine is known to stimulate the intra cellular Ca release from store sites. Caffeine at 1 mM enhanced the AH in a manner that accentuated its slow phase (Fig. 5) . The area of AH was increased to 165.4 ± 7.6% of the control (n = 5). This effect was completely abolished by the addition of 5,uM ryanodine.
The relationship between the area of AH at steady state during repetitive stimulation and its frequency was slightly shifted to higher fre quency by 1 mM caffeine; the frequency re quired to cause half depression of the ryanodine-sensitive area of the AH (that obtained at 0.033 Hz was taken as 100%) was 0.40 ± 0.04 Hz and 0.66 ± 0.04 Hz in the ab sence and the presence of caffeine, respective ly. The extrapolated frequency of stimulation abolishing the ryanodine-sensitive component was essentially not altered (4.8 ± 0.7 Hz and 4.2 ± 0.9 Hz in the absence and presence of 1 mM caffeine, respectively, n = 5).
An application of 3 mM tetraethylammo nium to enhance the Ca influx during a broadened spike (a factor of 2 in duration) in creased the area of AH in either the absence or the presence of ryanodine (to 181.4 ± 11.3% and 126.0 ± 12.1%, respectively, n = 4) when the stimulation was applied at 0.017 Hz. Also in the presence of TEA, only a de pression of the AH was observed at higher frequencies of stimulation and was abolished by the application of ryanodine (Fig. 6) . The relationship between the area of AH at steady state and the stimulation frequency was slight ly shifted toward low frequency or not changed. Averaged frequencies of stimulation causing half and full depression of the ryanodine-sensitive component of the AH 
DISCUSSION
The present study demonstrates that the spike after-hyperpolarization (AH) in the rat sympathetic neuron is reduced during the re petitive firing of the cell, which is dependent on the firing frequency. The possible explana tions of this phenomenon are: 1) direct changes in the activity of Ca-activated K chan nels, 2) a decrease in Ca influx during an ac tion potential, 3) a decrease in the intracellu lar Ca release from store sites, and 4) changes in buffering mechanisms of the intracellular free Ca. The previous study (6) suggests that the ryanodine-resistant component of AH is due to a rise of Ca concentration by its influx from the extracellular fluid which activates apamin-sensitive Ca-activated K channels. This is consistent with the effect of TEA in the presence of ryanodine in the present study (Fig. 6) . The finding that in the presence of ryanodine, the AH was not depressed during repetitive stimulation rules out the first and second possibilities. Furthermore, since the ryanodine-resistant component of the AH must be affected by the changes in Ca buffer ing, the extrusion out of the cell or the se questration of Ca, it is most likely that the frequency-dependent depression of the AH re sults from a decrease in the intracellular Ca release from store sites.
A possible explanation for a decrease in Ca release may be a depletion of the store sites induced by repeated discharge of their con tents. At the steady state, the amount of re leased Ca is balanced with that refilled during the period between stimulations. If this is the case, the depression of AH at low frequencies of stimulation and its slow recovery can be ascribed to the rather slow rate of refilling of the releasable Ca pools, presumably including the slow uptake rate to the stores by the ATP dependent pump as reported in nerve termi nals of rat brain (10) and the slow Ca trans port from uptake sites to releasable sites in the organella, similar to that in the sarcoplas mic reticulum (SR) (11) . Indeed, similar slow recovery in caffeine-induced K current has been reported in frog sympathetic neurons (12) . Neering and McBurney (9) have demon strated that the intracellular Ca stores can be refilled by the Ca entering the cell during broadened action potentials in the presence of TEA in rat sensory neurons. In the present study, an application of TEA did not signifi cantly alter the frequency affecting the AH. This suggests that the balance between the amounts of the Ca release and the refilling into the stores may be not significantly changes because an increase in Ca influx dur ing spikes enhances the former via the mechanism of Ca-induced Ca release, as well as the latter. The reason, however, is not clear why caffeine did not accelerate the depression of the AH. It may be consistent with the view that the Ca pools releasable in response to physiological stimuli may be a limited portion of caffeine-sensitive Ca stores in the rat sym pathetic neurons because of the small con tribution of the stored Ca to the rise in [Ca] ; induced by high K+ solution (13) . It is possi ble that the depletion of the Ca store induced by repetitive stimulation is not accelerated by caffeine if the drug potentiates the intracellu lar Ca release as a result of an increase in the number of available store sites rather than an increase in the amount of Ca released from the same store sites.
Alternatively, the decline of Ca release dur ing repetitive firing of the cell may be due to Ca-induced inactivation of Ca release channels as is known in muscular tissues. It is reported that this inactivation of Ca release from the SR occurs in the 50 -100 ,u M range of [Ca] ; based on experiments using isolated SR vesi cles (14) and skinned fiber (15) and the observed decrease in SR Ca channel activities at millimolar Ca concentration in lipid bilayer experiments (16) . In the rabbit cerebrum, the [3H]ryanodine binding, which may parallel the activities of Ca release channels, is inhibited by more than 100,uM Ca (17) . On the other hand, an elevation of [Ca] ; by a single action potential is estimated to be approximately 10 nM in bullfrog sympathetic neurons (18) and 18 nM in rat dorsal root ganglia (9) . The max imal rise of [Ca] ; induced by high K+ solution or caffeine is a sub-micromolar concentration in sympathetic neurons of the frog (19) and those of the rat (13) . Such changes in [Ca] ; may be too small to fully explain the frequency-dependent depression of AH by Ca induced inactivation of Ca release channels. Furthermore, the recovery from the inactiva tion of Ca release channels is more rapid (within 1 sec) than refilling depleted SR (over 10 sec) in the skeletal muscle (20, 21) . We, however, can not rule out the possible in activation processes of intracellular Ca release during repetitive stimulation.
As regards to the functional significances of the AH in ganglionic transmission, it regulates the firing frequency of post-ganglionic neurons by altering the threshold for subsequent synaptic input. This limitation of the firing is effective only on the weak synaptic input (1), and the strong input as obtained by supra maximal stimulation is not affected by the AH (Fig. 3 and ref. 1) . The firing frequencies affecting the AH is apparently within the phy siological range. It is reported that the mammalian sympathetic preganglionic neurons that drive the firing of ganglionic neurons have a low mean frequency of spontaneous fir ing ranging from 0.2 to 9/sec (22) and that the mean frequency of spontaneous post-synaptic firing observed in the superior cervical gang lion of the rabbit in situ is 3.4/sec (23) . Thus, the present study suggests that at low activity of the sympathetic nervous system, the in tracellular Ca release could contribute to sta bilization of the membrane activity via length ening the AH, which limits the cell firing. In creased activities of the system lead to a shortening of the AH, providing a high safety factor for ganglionic transmission.
